Leptin, the adipocyte-produced hormone that plays a key role in body weight homeostasis, has recently been found to be involved in the regulation of the hypothalamicpituitary-adrenal axis. Moreover, reciprocal interactions between leptin and glucocorticoids have been described. In the present communication, two different strategies were undertaken to explore the mode of action of leptin in the direct control of rat adrenal function. First, a synthetic peptide approach demonstrated that the inhibitory effect of leptin on basal and ACTH-stimulated corticosterone secretion in vitro is, at least partially, mapped to a domain of the native protein between amino acids 116 and 130, i.e. an area of the molecule also relevant in terms of regulation of food intake and endocrine control. Secondly, semi-quantitative RT-PCR analysis indicated a complex pattern of adrenal leptin receptor (Ob-R) mRNA expression, with predominant expression of the Ob-Ra and Ob-Rb isoforms, as well as moderate levels of the Ob-Rc and Ob-Rf variants, whereas negligible signals for the Ob-Re isoform were detected. Interestingly, such an expression pattern appeared hormonally regulated as exposure to human recombinant leptin (10 7 M) or ACTH (10 7 M) significantly decreased Ob-R isoform mRNA expression. Indeed, dose-dependent ligandinduced Ob-Ra and Ob-Rb mRNA down-regulation was further confirmed by adrenal stimulation with increasing concentrations (10 9 -10 5 M) of the active leptin fragment, leptin 116-130 amide. Overall, our results provide evidence for a novel regulatory step at the level of Ob-R mRNA expression in the interplay between ACTH and leptin for the tuning of rat adrenal corticosterone secretion. Furthermore, our data showing downregulation of Ob-R mRNA expression by its cognate ligand may well be relevant to leptin physiology and its alteration in various disease states.
Introduction
Leptin, the product of the ob gene, is an adipocyte-secreted plasma hormone that plays a pivotal role in body weight homeostasis, neuroendocrine function and fertility (Friedman & Halaas 1998 , Rosenbaum & Liebel 1998 . Recently, leptin has emerged as a key element in the regulation of the hypothalamic-pituitary-adrenal (HPA) axis . However, the mechanisms by which leptin acts upon the HPA system remain controversial; a direct effect of leptin in the regulation of adrenal function has been reported, yet both stimulatory and inhibitory responses have been described (Bornstein et al. 1997 , Malendowicz et al. 1997 , Pralong et al. 1998 .
The biological actions of leptin on target tissues are carried out through interaction with its specific receptor, Ob-R. A hallmark of Ob-R gene expression is the presence of several receptor variants (Ob-Ra to Ob-Rf) that are generated by alternative splicing; they share the extracellular domain but differ in the length of the transmembrane/cytoplasmic coding regions (Tartaglia et al. 1995 , Lee et al. 1996 , Takaya et al. 1996 , Tartaglia 1997 . The long Ob-Rb subtype appears as the functional, signal-transducing isoform responsible for the hypothalamic actions of leptin (Tartaglia 1997) . The roles of the shorter Ob-R isoforms remain to be fully clarified, although Ob-Ra is able to perform signal transduction and has been involved in leptin transport across the bloodbrain barrier, and Ob-Re has been proposed as a soluble leptin-binding protein (Tartaglia et al. 1995 , Murakami et al. 1997 , Tartaglia 1997 , Bjorbaek et al. 1998 . Moreover, the contribution of short Ob-R variants to the modulation of the signal-transducing ability of the Ob-Rb isoform has been suggested (White et al. 1997 . Thus, it is likely that the biological actions of leptin upon target tissues may depend, at least partially, on the balance of expression of different Ob-R isoforms.
The present study was undertaken to provide new insights into the mode of action of leptin on rat adrenal. To this end, two experimental approaches were employed. First, the effects of the active leptin fragment, leptin 116-130 amide, on basal and adrenocorticotropin (ACTH)-stimulated corticosterone secretion in vitro were tested and compared with those of native leptin. Secondly, the pattern of adrenal expression and hormonal regulation of leptin receptor (Ob-R) mRNA isoforms was assessed by means of semi-quantitative RT-PCR. Results presented herein indicate that regulation of Ob-R mRNA expression may represent a novel regulatory step whereby ACTH and leptin interact in the modulation of rat adrenal function.
Materials and Methods

Animals and drugs
Adult, 75-day-old Wistar male rats housed under constant conditions of light (14 h of light; from 0700 h) and temperature (22 C) were used. Experimental procedures were approved by the Córdoba University Ethical Committee for animal experimentation and were conducted in accordance with the European Union normative for care and use of experimental animals.
Human recombinant leptin was produced in Saccharomyces cervisae as described elsewhere (Considine et al. 1996) , and kindly donated by Eli Lilly (Indianapolis, IN, USA). Mouse leptin 116-130 amide was purchased from Bachem AG (Bubendorf, Switzerland). ACTH was obtained from Sigma (St Louis, MO, USA).
Tissue incubations
For static incubations, adrenal glands were bilaterally removed upon decapitation of experimental animals, dissected free of the surrounding fat, and cut into two pieces of approximately equal size (mean weight/piece: 22·9 0·375 mg/piece, 2 slices/adrenal). Adrenal slices (4 slices/well) were incubated in 2 ml Dulbecco's modified Eagle's medium (DMEM)/F12 medium (1:1; Life Technologies, Grand Island, NY, USA) supplemented with 0·1 g/l gentamicin in a Dubnoff shaker (60 cycles/ min) at 37 C under an atmosphere of 5% CO 2 -95% O 2 . After 60 min preincubation, the media were replaced either by fresh medium or medium containing increasing doses of leptin 116-130 amide (10 9 -10 5 M). For comparative analysis, a group of adrenals was incubated in the presence of human recombinant leptin (10 7 M). In addition, to test the ability of leptin and leptin 116-130 amide to modulate stimulated corticosterone secretion, a similar experimental setting was carried out in the presence of ACTH (10 7 M). After 90 and 180 min, 100-µl aliquots from the incubation media were taken for corticosterone measurements, as described below. Incubations were terminated at the latter time-point, when samples of adrenal tissue were frozen in liquid nitrogen and stored at 70 C until used for RNA analysis.
Corticosterone measurements
Corticosterone levels in tissue incubation media were measured using a commercial kit from ICN Biomedicals (Costa Mesa, CA, USA). The sensitivity of the assay was 2·5 ng/tube, and the intra-assay coefficient of variation was 4·5%.
RNA analysis by semi-quantitative RT-PCR
The pattern of expression and hormonal regulation of Ob-R subtype mRNAs in rat adrenal gland was assessed by semi-quantitative RT-PCR, using isoform-specific oligo-primer pairs. Total RNA was isolated from incubated adrenal samples using the single-step, acid guanidinium thiocyanate-phenol-chloroform extraction method (Chomczynski & Sacchi 1987) . Complementary DNA (cDNA) was prepared using 4 µg total RNA and specific antisense primers (see below) in 30 µl final volume, as described elsewhere (García et al. 2000 , Tena-Sempere et al. 2000a . PCR amplification of cDNA samples was carried out using the following primer pairs: Ob-Ra sense (5 -CCT ATC GAG AAA TAT CAG TTT A-3 ) and Ob-Ra antisense (5 -TCA AAG AGT GTC CGC TCT CT-3 ) for amplification of a 285-bp fragment of rat Ob-Ra isoform cDNA; Ob-Rb sense (5 -TGG CCC ATG AGT AAA GTG AAT-3 ) and Ob-Rb antisense (5 -CCA GAA GAA GAG GAC CAA ATA-3 ) for amplification of a 386-bp fragment of rat Ob-Rb isoform cDNA; Ob-Rc sense (5 -ATT GTA CCG GTA ATT ATT TCC T-3 ) and Ob-Rc antisense (5 -CTG CAA CCT TAG ATA TCT TGG-3 ) for amplification of a 181-bp fragment of rat Ob-Rc isoform cDNA; Ob-Re sense (5 -GCA GAA TCA GCA CAC ACT GTT-3 ) and Ob-Re antisense (5 -GTA AAA GCA CAG TAC ACA TAC C-3 ) for amplification of a 301-bp fragment of rat Ob-Re isoform cDNA; and Ob-Rf sense (5 -AGA GGA TAT ATA GTG GAT GCC G-3 ) and Ob-Rf antisense (5 -CAC AAA TGA GCC ATC TTC AAA CC-3 ) for amplification of a 411-bp fragment of rat Ob-Rf isoform cDNA. To provide an appropriate internal control, coamplification of a 290-bp fragment of L19 ribosomal protein mRNA was carried out in each sample using the primer pair: L19-sense (5 -GAA ATC GCC AAT GCC AAC TC-3 ) and L19-antisense (5 -ACC TTC AGG TAC AGG CTG TG-3 ). The reported sets of primers were selected based on previous references (García et al. 2000 , Tena-Sempere et al. 2000a , and synthesized according to the published rat cDNA sequences of Ob-R isoforms (Tartaglia et al. 1995 , Lee et al. 1996 , Takaya et al. 1996 and L19 ribosomal protein (Chang et al. 1987) .
To enable appropriate amplification in the exponential phase for each target, PCR amplification of isoformspecific Ob-R and L19 ribosomal protein transcripts was carried out in separate reactions with different numbers of cycles (see below), but using similar amounts of the corresponding cDNA templates generated in single RT reactions, as described elsewhere (Santana et al. 1996 , Tena-Sempere et al. 2000a . PCR reactions consisted of a denaturing cycle at 97 C for 5 min, followed by cycles of amplification defined by denaturation at 96 C for 1·5 min, annealing at 55 C for 1·5 min, and extension at 72 C for 3 min. A final extension cycle of 72 C for 15 min was included. The number of cycles was optimized to ensure amplification in the exponential phase of PCR. Different numbers of cycles were tested for Ob-R isoforms (ranging between 25 and 45) and L19 ribosomal protein (ranging between 14 and 30) and 33 and 20 cycles were chosen, respectively, for further analysis. In all assays, reactions without RT were included, yielding negative amplification (data not shown).
PCR-generated DNA fragments were resolved in Trisborate buffered 1·5% agarose gels, and visualized by ethidium bromide staining using a digital imaging system (Gelprinter Super software, TDI Ltd, Madrid, Spain), their molecular sizes being determined by comparison with size markers run together with the cDNA products (PCR 50-bp Step Ladder, Promega, Madison, WI, USA; DNA Molecular Weight Marker, Roche Diagnostics GmbH, Mannheim, Germany). Specificity of PCR products was confirmed by Southern hybridization, using radiolabeled nested oligonucleotide primers and/or digestion with specific restriction enzymes (data not shown), as described elsewhere (García et al. 2000) . For quantitative evaluation, absolute optical densities (OD) of RT-PCR signals were obtained by densitometric scanning using an image analysis system (1-D Manager, TDI Ltd). The values for the specific targets were normalized according to those of L19 ribosomal protein to express arbitrary units of relative abundance of the specific messages (i.e. relative expression). To ensure that equal inputs of RNA were added to RT-PCR reactions, only samples yielding roughly similar OD values for L19 bands were considered for further analysis. In addition, to minimize potential RT-PCR artifacts due to inherent reaction variability, all data points were repeated, for each target, at least three times using independent RNA samples.
Presentation of data and statistics
RT-PCR analyses were carried out in triplicate. When appropriate, semi-quantitative data are presented as means ... from 3 independent observations. Tissue incubations were carried out in duplicate. Hormonal levels are expressed as normalized values per 100 mg incubated tissue, and data are presented as means ... (n=8-10 samples/group). Results were analyzed for statistically significant differences using ANOVA, followed by Tukey's test. P<0·05 was considered significant.
Results
Effects of the active fragment of leptin, leptin 116-130 amide, on basal and ACTH-stimulated corticosterone secretion in vitro
A domain of the leptin molecule between amino acids 116 and 130 has been proven to be relevant in the leptinmediated regulation of food intake and luteinizing hormone (LH), prolactin (PRL) and testosterone secretion (Grasso et al. 1997 , Tena-Sempere et al. 2000b . To evaluate the contribution of this area of the molecule to the effects of leptin on corticosterone secretion, adrenal slices were incubated in the presence of human recombinant leptin (10 7 M) or increasing concentrations of leptin 116-130 amide. Overall, a significant inhibition in both basal and ACTH-stimulated corticosterone release in vitro was observed after exposure to 10 9 -10 5 M leptin fragment. Subtle differences, however, were noticed in the time-course response to the lower dose of the active fragment of leptin, as 10 9 M leptin 116-130 amide significantly inhibited basal and ACTH-stimulated corticosterone secretion only after 180 min incubation. On the other hand, 10 7 -10 5 M doses of leptin fragment significantly reduced corticosterone secretion at both time-points tested (90 and Quantitative analysis of the cycle-dependency for the generated PCR signals revealed a strong linear relationship between cycles 28 and 38 in the case of Ob-Ra (correlation coefficient r 2 =0·9913) and Ob-Rb (r 2 =0·9842), and between cycles 14 and 23 in the case of L19 ribosomal protein (r 2 =0·9989). Optimization of RT-PCR conditions was carried out using total RNA from control, 75-day-old rat adrenal. Values are given as means S.D. of two independent determinations. A representative ethidium bromide-stained gel electrophoresis of the DNA products generated for each target (Ob-Ra, Ob-Rb and L19 ribosomal protein) is presented in the insets. 180 min). Likewise, recombinant leptin decreased, to a similar extent, basal and stimulated corticosterone secretion by incubated adrenal tissue (Fig. 1) .
Optimization of semi-quantitative RT-PCR assays
RT-PCR assays were optimized for semi-quantitative analysis of Ob-R isoform and L19 ribosomal protein mRNA expression. To obtain optimal conditions for amplification, i.e. in the exponential phase of PCR, different numbers of PCR cycles were tested for each message. Considering that preliminary assays demonstrated that Ob-Ra and Ob-Rb are the most abundant isoforms in rat adrenal, this procedure was carried out in detail for the Ob-Ra and Ob-Rb variants, as well as for the L19 transcript. As shown in Fig. 2 , plotting intensity of PCR signals (as expressed by absolute OD values) against the number of amplification cycles revealed a strong linear relationship between cycles 28 and 38 in the case of Ob-Ra (correlation coefficient r 2 =0·9913) and Ob-Rb (r 2 =0·9842), and between cycles 14 and 23 in the case of L19 ribosomal protein (r 2 =0·9989). Thus, PCR amplification of Ob-R-related and L19 ribosomal protein transcripts was carried out in separate reactions using 33 and 20 amplification cycles respectively.
Expression and hormonal regulation of Ob-R mRNA isoforms in rat adrenal
RT-PCR analysis using isoform-specific primers revealed predominant expression of Ob-Ra and Ob-Rb mRNAs in rat adrenal. In addition, moderate expression levels for Ob-Rc and Ob-Rf variants were detected, whereas negligible signals were observed for Ob-Re (Fig. 3) . This pattern of isoform expression appeared to be under hormonal regulation. Exposure to recombinant leptin (10 7 M) or ACTH (10 7 M) for 180 min induced a clear-cut down-regulation of Ob-R isoform mRNAs. However, subtle differences were detected in the magnitude of such a response between isoforms. Specifically, among those with predominant expression levels (i.e. Ob-Ra and Ob-Rb), a higher degree of suppression was observed for the Ob-Rb subtype (Fig. 3) . Ligand-induced down-regulation of Ob-R mRNA expression was further confirmed by challenge of adrenal tissue with increasing doses (10 9 -10 5 M) of leptin 116-130 amide (Fig. 4) . In this experimental setting, a dose-dependent decrease in relative levels of Ob-Ra and Ob-Rb isoform expression was detected, the response being elicited by lower concentrations of the active fragment in the case of Ob-Rb (10 9 M) compared with Ob-Ra (10 5 M). A compilation of semi-quantitative data on the relative expression levels of Ob-Ra and Ob-Rb mRNAs in rat adrenal after exposure to increasing doses of the active leptin fragment, leptin 116-130 amide (10 9 -10 5 M), or ACTH (10 7 M) is presented in Fig. 5 .
Discussion
The mechanisms whereby leptin regulates the HPA axis are multifaceted and are likely to involve central and peripheral actions . Among different experimental approaches used to delineate the effects and mode of action of leptin in different target tissues, testing of the biological actions of several synthetic peptides generated to replicate restricted areas of the leptin protein has been used. Interestingly, it was shown recently that a fragment of the murine leptin protein comprising amino acids 116 to 130 (termed leptin 116-130 amide) displayed actions similar to those of the native molecule in terms of food intake and body weight gain in female ob/ob mice (Grasso et al. 1997) , elicited LH and PRL secretion in fasted adult male rats , and mimicked the ability of leptin to inhibit testosterone secretion in vitro (Tena-Sempere et al. 2000b) . Present results confirm the inhibitory role of leptin in the regulation of corticosterone secretion at the adrenal level (Bornstein et al. 1997 , Pralong et al. 1998 , and map such an effect, at least partially, to its 116-130 amino acid domain. Moreover, from the standpoint of a structurefunction relationship, our data reinforce the functional relevance of this area of the leptin molecule, and suggest a key role for this domain in ligand-receptor binding and/or activation. However, a conspicuous lack of interaction between the Ob-Rb subtype and this leptin fragment has been reported very recently (Grasso et al. 1999) , thus opening up the possibility that the observed effects may be due to interaction with other Ob-R isoforms or as yet undefined leptin-signaling pathways.
The events involved in the modulation of the biological actions of leptin in target tissues include regulation of Ob-R expression. However, despite the role of leptin in the control of adrenal function, detailed characterization of the pattern of Ob-R isoform expression as well as its potential regulation by key signals in adrenal hormonal control are still pending. Our current data provide evidence of a complex pattern of alternative splicing of the Ob-R gene in rat adrenal gland; this results in the predominant expression of Ob-Ra and Ob-Rb mRNAs and moderate expression levels for Ob-Rc and Ob-Rf variants, whereas negligible signals are observed for Ob-Re. Identification of the cellular distribution of Ob-R isoforms within rat adrenal is still pending. However, novel data on expression levels of mRNAs encoding different Ob-R subtypes is relevant considering the divergent functional capacities of different Ob-R subtypes (Tartaglia et al. 1995 , Lee et al. 1996 , Takaya et al. 1996 , Murakami et al. 1997 , Tartaglia 1997 , Bjorbaek et al. 1998 , as well as the proposed interaction between Ob-R isoforms in signaling the biological effects of leptin (White et al. 1997 , Garcia et al. 2000 .
To our knowledge, this is the first report to demonstrate down-regulation of Ob-R mRNA expression by its cognate ligand. Indeed, the general mechanisms whereby leptin desensitizes its own response are only partially understood, although the contribution of ligand-induced decrease in the number of cell-surface Ob-Rs has been proposed very recently (Barr et al. 1999 , Uotani et al. 1999 . Our current data strongly suggest that, in addition, homologous down-regulation of Ob-R may involve an actual decrease in the expression levels of Ob-R mRNA, a mechanism proposed for desensitization of other receptor systems (for example see Tena-Sempere & Huhtaniemi 1999) . In this context, it becomes relevant to correlate the reported decrease in Ob-R isoform mRNA expression following exposure to native leptin or its active fragment with changes in the biological effects of leptin or Ob-R expression at the protein level to evaluate fully the physiological relevance of this regulatory event. Interestingly, homologous down-regulation of Ob-R mRNA involved decreased expression of different isoform messages, in line with previous studies in terms of the number of cell-surface Ob-R subtypes (Barr et al. 1999 , Uotani et al. 1999 . However, subtle differences were detected in the magnitude of response to 10 7 M leptin between isoforms. This was confirmed for Ob-Ra and Ob-Rb after stimulation with increasing concentrations of leptin 116-130 amide. This analysis revealed that homologous downregulation appears in a different range of doses for Ob-Ra and Ob-Rb isoforms, the sensitivity being higher for the latter. Whether this phenomenon is relevant in the autolimitation of leptin action upon rat adrenal remains to be elucidated. However, the fact that leptin amide was able to inhibit adrenal corticosterone release and to decrease Ob-Rb mRNA expression in a similar range of doses makes it tempting to propose such a possibility.
Potential modulation of expression levels of isoformspecific Ob-R mRNAs by ACTH, i.e. a pivotal factor in adrenal physiology, was explored. Our analysis demonstrated that, in addition to its cognate ligand, Ob-R mRNA expression is under the control of heterologous signals. Interestingly, a similar phenomenon has been observed by our group in rat testis, where leptin inhibits testosterone secretion , 2000b , and Ob-R mRNA expression is down-regulated by heterologous (human choriogonadotropin) as well as homologous factors (M Tena-Sempere and E Aguilar, unpublished observations). Thus, it is tempting to suggest that leptin-induced inhibition of corticosterone secretion may be limited, at least partially, by down-regulation of Ob-R gene expression by leptin itself and ACTH, the major corticosterone elicitor. An analogous model may apply also to other steroidogenic tissues.
In conclusion, based on our present data, it is proposed that control of Ob-R mRNA expression may represent a novel regulatory step whereby ACTH and leptin interact in the modulation of rat adrenal function.
